Background Cementless fixation remains controversial in TKA due to the challenge of achieving consistent skeletal attachment. Factors predicting durable fixation are not clearly understood, but we presumed bone ingrowth could be enhanced by the quantity of host bone and application of autograft bone chips. Questions/purposes We asked: (1) Did the amount of bone ingrowth exceed the amount of periprosthetic and host bone with the addition of autograft bone chips?
Introduction
The introduction of the cementless Natural-Knee 1 System (Zimmer Inc, Warsaw, IN, USA) occurred in 1985.
The institution of one or more of the authors (RDB, KEK, BMW, AAH) has received, in any 1 year, funding from the Department of Veterans Affairs Salt Lake City Health Care System and the Department of Orthopaedics, University of Utah School of Medicine. Funding had also been received in support of the program from Intermedics Orthopedics Inc (San Diego, CA, USA), Sulzer Orthopedics (Winterthur, Switzerland), Centerpulse Orthopedics Inc (Austin, TX, USA), and Zimmer, Inc (Warsaw, IN, USA). Each author certifies that he or she, or a member of his/her immediate family, has not received compensation based on this work. All ICMJE Conflict of Interest Forms for authors and Clinical Orthopaedics and Related Research editors and board members are on file with the publication and can be viewed on request. Clinical Orthopaedics and Related Research neither advocates nor endorses the use of any treatment, drug, or device. Readers are encouraged to always seek additional information, including FDA approval status, of any drug or device before clinical use. Each author certifies that his or her institution approved the human protocol for this investigation and that all investigations were conducted in conformity with ethical principles of research. This project was performed at the Department of Veterans Affairs Salt Lake City Health Care System and the University of Utah School of Medicine.
The unique features of the design at the time were an asymmetrical tibial tray that matched the resected surface of the human tibia, a metal-backed patella, and a femoral component with a deep-groove titanium alloy (Ti 6 Al 4 V) articulating surface to allow optimal ROM ( Fig. 1 ). Before its introduction, institutional review board (IRB)-approved biocompatibility studies were performed using plugs with the cancellous structured titanium porous coating in a patient population receiving staged bilateral TKAs [4, 18, 19, 21] . During the first operation of a staged bilateral TKA, one of two types of porous-coated plugs were implanted into the patient's opposite medial femoral condyle; the plugs were implanted in such a way as to avoid compromising preparation for femoral component placement at the second operation. In addition, some plugs were implanted with autograft from the underside of the resected tibial wafer for application to the resected host bone surface. The plugs remained implanted until resection at the second staged operation 3, 6, 9, and 12 months later. The resected bone with implanted plugs was subsequently analyzed, demonstrating the potential for human skeletal attachment indicated by bone ingrowth into the cancellous structured titanium of the Natural-Knee 1 design [4, 18, 19] , and reported in the current investigation. The ingrown bone displayed active mineral apposition rates; more bone ingrowth occurred in the cancellous structured titanium than in hydroxyapatite-coated plugs [4, 18, 19] . These studies also provided support for the use of autograft bone chips [21] ; more bone in the porous coating was observed in plugs treated with autologous bone chips. It was believed the autograft bone chips would promote consistent bone ingrowth while limiting fibrous tissue formation at the interface of the components by providing an immediate layer of the patient's own bone tissue at the interface.
Due to the uniqueness of the Natural-Knee 1 cementless design, there was a question whether backside polyethylene wear would result and lead to subsequent osteolysis, since both the patellar and tibial components had metal backings. There were also initial design questions with the patellar component regarding the possibility of outer-margin metal edge wear and whether the femoral components might have excess surface wear since titanium alloy articulations had subsequently been considered obsolete. Titanium alloys are less wear resistant due to a thin and mechanically weak oxide layer that forms on the surface compared to cobaltchromium articulations [1, 26] .
As with any new implant design, it was important to study the presence of osteolysis caused by design or materials problems since these might remain asymptomatic in the patient. At the time of the clinical introduction of the cementless Natural-Knee 1 , the design surgeon (AAH) initiated an IRB-approved postmortem retrieval analysis program allowing the clinical study of successful primary TKA implants in situ at various implantation times for assessment of skeletal attachment and the contribution of autograft bone chips. Over the 25-year period, 19 knees in patients were donated by individuals and consecutively retrieved after their death. These retrievals came from the first 360 performed surgeries [22] .
We asked the following three questions: (1) Did the amount of bone ingrowth exceed the amount of periprosthetic and host bone with the addition of autograft bone chips? (2) Did the amount of bone ingrowth increase with implantation time? And (3) did osteolysis along the porous coating interface and screw tracts progress with implantation time?
Patients and Methods
Over the past 25 years, an IRB-approved program has been in place at the authors' institutions (Department of Veterans Affairs Salt Lake City Health Care System and Department of Orthopaedics, University of Utah School of Medicine) to analyze retrieved postmortem TKAs of the same specific design [2, 3, 8, 19] implanted by one surgeon (AAH) who had clinically followed the patients who ultimately donated [22] . At the time of index operation, between 1985 and 1988, 76 patients consented to the retrievals upon death if possible. Good bone quality and the absence of osteopenic or osteoporotic bone were indications for selection of this implant. Bone quality was assessed by preoperative radiographs and intraoperatively by compressing the bone. During the time of these 76 implantations, the surgeon performed TKA in 360 patients. Clinical followup studies [22] in this type of implant design at 10 to 14 years have demonstrated implant survivorship comparable to that of cemented designs [23, 27, 28] : the initial patient population had high modified Hospital for Special Surgery Knee Score and a 95% survivorship at 10-to 14-year followup [22, 24] . At the time of the current study, we had accumulated 19 postmortem-retrieved primary TKA implants (patellar, tibial, and femoral) from 14 donors (12 men, two women) of which five were bilateral retrievals ( Table 1 ). The average (± SD) age at death was 77 ± 7 years (range, 66-91 years). The implants were in situ for an average of 11 ± 7 years (range, 1-25 years) ( Table 1 ). Previous data have been reported on five of these donor retrievals [2, 3] ; however, the previous studies did not include analysis of all outcome variables reported in the current study.
A single orthopaedic surgeon (AAH) performed the surgeries according to a standardized operative approach using instruments specifically designed for the implants. The total knee components used in this study were of the Natural-Knee 1 design with a commercially pure titanium porous coating with an average pore size of 530 lm and 55% porosity. In addition, the surgeon applied a layer of autograft bone chips, similar to milled bone, onto the resected host bone surface during the surgery and before implant placement [15, 21, 22] . After preparing the milled bone from the underside surface of the resected tibia, the surgeon placed the bone slurry on the prepared undersurface of the patella and reversed the reamer to uniformly spread the slurry. For the femur and tibia, the surgeon spread the slurry over the surface of the resected bone using the scalpel handle, resulting in a 1.5-to 2-mm-thick layer of milled bone from the implant surface into the trabecular spaces.
At postmortem retrieval, the knee components (patella, tibia, and femur) were recovered in situ while ensuring the interface between the implants and host bone tissues remained undisturbed. We accessioned, photographed, and radiographed each component and removed all soft tissues and excess bone without compromising the bone-implant interface. Components were then fixed in 70% ethanol, dehydrated in ascending grades of ethanol, infiltrated, and embedded in methylmethacrylate using standard techniques [6] . We then cut the components into the maximum number of 3-mm-thick sections (Fig. 2) , averaging seven patellar, eight tibial, and 10 femoral wafers per component, on a custom water-cooled, high-speed cutoff saw [5] equipped with a diamond-edged blade (Rockazona Inc, Peoria, AZ, USA). The number of sections was dictated by the size of the individual components. The sections were ground and polished to a scratch-free finish using a variable-speed grinding wheel (Buehler Inc, Lake Bluff, IL, USA) using standard techniques. All histologic analyses were conducted in a blinded fashion by two observers (BMW, KEK). We sputter-coated each 3-mm-thick section with a conductive layer of gold for approximately 1 minute (Hummer VI-A; Anatech Ltd, Alexandria, VA, USA) and examined it using a scanning electron microscope (JSM 6100; JEOL Inc, Peabody, MA, USA) with a backscattered electron (BSE) detector (Tetra; Oxford Instruments Ltd, Cambridge, UK) and associated image capture software (ISIS; Oxford Instruments) at 940 magnification. The entire length of the porous coating along the implant surface dictated the number of images captured from each component. We performed BSE imaging analysis to determine the percent area of bone present in the porouscoated region, periprosthetic interface region, and host bone region. The porous-coated region was defined as the 2-mm region within the porous coating. The periprosthetic region was defined, as in previous studies [6] , as being directly adjacent to the porous coating and extending for 2 mm from the coating surface. The periprosthetic interface region was composed of the autograft bone chips. The host bone region was defined as starting 3 mm from the porous coating surface and also extending 2 mm with the 1-mm distance between the periprosthetic and host bone region serving as a buffer to differentiate between these two regions (Fig. 3 ). The total space imaged included the area occupied by implant porous coating, bone, and marrow [6] . We calculated the percent void area within the porous coating, or area available for bone ingrowth that was not occupied by the implant, as the area occupied by bone divided by the available void in the pore space of the image field and multiplied by 100. Additional calculations of percent void area in the porous coating filled with bone and percent total area filled with bone were also performed for comparison with previously reported bone ingrowth literature utilizing BSE imaging [11, 14, 20, 25, 29, 31] .
We took high-resolution contact radiographs (Fig. 2) of each 3-mm-thick section using high-resolution film (Kodak SO253; Eastman Kodak, Rochester, NY, USA) at 55 kV, 1.0 mA for 1800 seconds in a radiography cabinet (Torrex 120D; Scanray, Hawthorne, CA, USA) [3, 6, 7] . The appositional bone index (ABI) of each component [3, 6, 7] was measured by viewing the high-resolution contact radiographs at 98 magnification on a radiographic light box and taking measurements using a calibrated, hand-held digital caliper (CD-6B; Mitutoyo Corp, Painesville, OH, USA). Radiolucencies interposed between the bone and implant (RL 2 ) were subtracted from the total linear length of the porous-coated interface (RL 1 ). We then calculated the ABI for the entire component as the percentage of bone that appeared in direct contact with the porous-coated regions of the components using the following equation:
This method was developed to better discriminate the tissue response and fibrous tissue formation at the interface of each component and for inspection of regional analysis to determine the extent of osteolysis compared to the Fig. 2 The image shows high-resolution contact radiographs of 3-mm-thick sections from the right patella of one of the donors used to measure the ABI. This patellar implant had been in situ for 84 months and had a high percentage of bone in apposition to the porous-coated interface (original magnification, 91). limitations of gross radiographs, which interfere with visibility due to projection effects (Fig. 4) . These contact radiographs were then used to document regional osteolysis ( Fig. 5 ). After this process, the 3-mm-thick sections were subsequently ground down to 50 lm to confirm the presence of wear particulate in the osteolytic region using transmitted and polarized light microscopy.
The area of bone (bone ingrowth, periprosthetic bone, and host bone) from sections of femur, patella, and tibia were averaged to obtain a single regional value per donor (n = 19: patellas, tibias, and femurs). A paired t-test was used when comparing regions (percent bone ingrowth, percent periprosthetic bone, and percent host bone) within the patellar, tibial, or femoral components. Univariable regression was performed with implantation time as the independent variable and percent bone ingrowth or ABI as the dependent variable, with n = 19 donor implants for each of the three types of components (patellar, tibial, and femoral). We performed all analyses with SAS 1 software (SAS Institute, Inc, Cary, NC, USA).
Results
The percent area of bone ingrowth into the porous coating was never greater than the percent of either periprosthetic or host bone in any of the components. There was less (p = 0.018) bone ingrowth relative to the host bone in the patellar component but no difference in the ingrowth of the tibial component (p = 0.274) and femoral component (p = 0.861) relative to the host bone. There was less (p \ 0.001) bone ingrowth when compared to periprosthetic bone in the patellar component but no difference between the bone ingrowth of the tibial component (p = 0.155) and femoral component (p = 0.197) when compared to the periprosthetic bone ( Table 2) .
For every 10-month increase in the implantation time, there was a 0.5% increase in the percent bone ingrowth in the patellar components (p = 0.007), 0.4% increase in the percent bone ingrowth for the tibial components (p = 0.007), and 0.2% increase in the percent bone ingrowth for the femoral components (p = 0.049), suggesting continued remodeling of the bone within the porous coating with a net bone formation over time ( Fig. 6) . Implantation time did not correlate to the ABI in the patellar component (p = 0.837), tibial component (p = 0.322), or femoral component (p = 0.528), thus indicating osteolysis did not progress with time. The femoral component had a lower ABI than either the tibial (p = 0.012) or patellar component (p \ 0.001) ( Table 3) , and for every 10-month increase in implantation time, there was a 0.4% decrease in ABI, suggesting increase in fibrous tissue formation in the femoral component (Fig. 6) .
The gross analysis of the polyethylene inserts, metalbacked patellas, and femoral components showed, at approximately 10 years time in situ, osteolysis was occurring in various regions and along the screw tracts (Table 4 ). Metal back edge wear was observed in one of the 19 knee retrievals (Donor 12, right; Fig. 7 ). We noted there was minimal burnishing of the femoral components' Fig. 4A-B (A) A gross radiograph and (B) high-resolution contact radiograph from the same specimen show projection effects inherent with gross radiography, making detailed regional observations difficult but showing the superior detail with high-resolution contact radiographs. Contact radiographs were useful in determining none of the 57 rotational stabilizing smooth pegs in the patellar components, none of the 76 smooth pegs in the tibial components, and none of the 38 smooth pegs in the femoral components had preferential bone attachment that might have led to stress shielding.
Discussion
Cementless fixation remains controversial in TKA due to the challenge of achieving consistent skeletal attachment. We assumed the patient's host bone may act as a limiting factor in the ability to obtain successful attachment and the addition of autograft bone chips would limit fibrous tissue formation, presumably facilitating bone ingrowth. We evaluated the in vivo performance of 19 human postmortem-retrieved clinically successful primary knee systems to better understand the biologic principles of skeletal fixation and the use of autograft bone chips in a unique porous-coated implant design. Previous studies [9, 10, 12, 13, 16] had not attempted to compare the amount of bone ingrowth with the amount of periprosthetic or host bone to understand connectivity with the skeleton. We therefore asked the following three questions: (1) Did the amount of bone ingrowth exceed the amount of periprosthetic and host bone with the addition of autograft bone chips? (2) Did the amount of bone ingrowth increase with implantation time? And (3) did osteolysis along the porous coating interface and screw tracts progress with implantation time?
The authors acknowledge several limitations to the current study. First, the study had a lower number of female donors (n = 2) compared to the number of male donors (n = 12). This discrepancy can be explained simply by the fewer number of female patients in the Veterans Affairs population. Second, it was unknown how long the patients in this series had been compromised by declining health, a possible onset of osteoporosis, or their individual activity levels, which may have affected the interpretation of the data. Third, the patients who chose to enroll in this study were dedicated to the doctor-patient relationship and there may have been skeletal attachment failures in the larger clinical series, although clinical followup studies were favorable [22] . It should also be noted, although a single blinded observer performed a particular outcome measure, this may introduce a systematic bias even if the observer is experienced. Despite these limits and after a careful literature review, this appears to be the largest postmortem donor series of a single-surgeon-implanted and designed knee system performed with corresponding translational research and clinical followup studies [2-4, 17-19, 21, 22] .
We found the percent area of periprosthetic bone was greater than the percent area of bone ingrowth in the patellar, tibial, and femoral components. This was particularly apparent in the patellar component, which had the highest absolute ingrowth, despite having the least ingrowth relative to adjacent bone. This may be explained by the mechanical impaction of the autograft bone chips into the resected bone using the unique procedure of reversing the patellar reamer to mechanically apply the milled autograft bone chips uniformly over the surface of the patellar host bone as compared to the less efficient manual spreading by hand using the scalpel handle for the application to the femoral and tibial resected host bone [15, 22, 30] . The apparent strength of the postmortem analysis was the ability to determine the efficacy of using autograft bone chips at the time of implantation to help achieve consistent skeletal attachment. Although clinical radiographs had suggested bone ingrowth had been achieved, the postmortem analysis using BSE imaging was definitive and absent of the inherent projection effects seen in clinical, gross, and contact radiographs.
Although implantation time predicted the percent bone ingrowth in all three components, these data suggest, even after long-term followup, the amount of bone ingrowth does not reach host bone levels. Results from these clinically successful postmortem retrievals suggest cementless TKA remains a reasonable option in the active healthy patient with good bone quality [15] , considering the advantages of bone preservation and the ease of revision. It remains unknown whether compromised osteopenic bone could achieve the amount of bone attachment necessary to provide durable fixation over time since osteopenic and osteoporotic bone are contraindications for porous-coated TKAs. Implantation time did not predict ABI in any of the components. The femoral component had a lower ABI than either the patellar or tibial component. Additionally, contact radiographic analysis was useful in determining none of the pegs in any of the components had preferential attachment that might have led to stress shielding. This has occurred in some other designs with porous-coated stabilizing pegs, which can lead to preferential bone ingrowth attachment to the porous-coated pegs, causing the remainder of the undersurface face of the porous coating to be limited by fibrous tissue attachment [32] .
The use of a titanium alloy articulating surface on the femoral component is no longer available with this design. This is despite the fact, at least in this series of retrievals, that the clinical outcomes were not apparently compromised. The metal-backed patella is now rarely used in most total knee designs. It should be noted, when the design surgeon (AAH) initially observed edge wear on the metalbacked patella in early clinical followup studies, the minimum edge of the polyethylene thickness was increased and medialization of the metal-backed component was performed to avoid edge wear [15] . As seen in this study, only one of the 19 knees had evidence of edge wear. It is important to note this observation since, although some questions can be better answered by postmortem donor analysis, earlier operative and design corrections can be made clinically and at revision surgery with subsequent implant analysis without waiting for postmortem analysis [3, 8] .
In summary, this 25-year postmortem study demonstrated consistent bone ingrowth and skeletal attachment with the use of autograft bone chips. The osteolysis along the interface and screw tract appeared to be limited in scope to the longer-term ([ 10-year) retrievals. This was similar to cemented total knee studies using gamma-in-airtreated UHMWPE. When reviewing the few stemmed components, the stem seemed to facilitate osteolysis beneath the tibial component. This observation was speculative due to the small number of components with stem osteolysis in this series (stems, n = 9; without stems, n = 10). Further analysis must be conducted to confirm these findings, as these observations have also not been reported in clinical followup studies using this design [23, 27, 28] .
Finally, postmortem analysis can contribute to the basic understanding of TKA design performance, skeletal attachment, and confirmation of the use of autograft bone chips or other biologic additives. It must be emphasized, however, clinical followup and implant analysis at the perioperative time of revision surgery are essential for making early corrections such as the operative medialization of the metal-backed patella in this implant system [15] . Also, the femoral component was subsequently changed to a bimetal design (cobalt-chrome articulation with titanium porous coating) to allow for a more wear-resistant * For the regions and the region numbers used for reporting osteolysis, see Figure 5 ; osteolysis appeared to progress at the later time periods ([ 10 years) for all three components.
articulating surface with improved wear performance, although the titanium alloy femoral component did not appear to be a major compromise to the clinical success in this retrieval series. 
